Abstract Controlled 1,4-cis specific polymerization of butadiene (Bd) with N, )-1,2-diphenylethylenediaminato cobalt (1), in combination with methylaluminoxane (MAO) was investigated. 1/MAO catalyst showed the high activity for the polymerization of Bd. In the polymerization of Bd with 1/MAO catalysts in CH 2 Cl 2 at Ϫ30°C, the molecular weight of the polymer increased linearly with an increase of polymer yield, and the line passed through the origin. Moreover, the molecular weight distribution of the polymer was narrow (M w /M n ϭ1.29) and microstructure was a high 1,4-cis content (ϳ98%). The results demonstrate that a simultaneous control of 1,4-cis selectivity and the molecular weight of the polymer can be achieved in the polymerization of Bd with the (salen)Co(II) having t-butyl groups at 3,3Ј,5,5Ј-positions in the aromatic ring and phenyl groups at N,NЈ-positions in combination with MAO.
Introduction
In the polymerization of butadiene (Bd), simultaneous control of a stereoregularity and the molecular weight of polymers is an important factor. Ziegler catalysts can produced 1,4-cis polymer, but the molecular weight of polymer is not controlled well 1) . The recent development of single site catalysts makes it possible to achieve living 1,4-cis polymerization of Bd [2] [3] [4] [5] .
Some metallosalen [salen; N,NЈ-ethylenebis(salicylideneimine)] [(salen)Mt] complexes are known to be synthesized from inexpensive raw materials and stable even in air, and useful catalysts for an asymmetric epoxidation of olefins 6) , and some (salen)Mt complexes were used as catalysts for polymerizations [7] [8] [9] .
Previously, we reported that the polymerization of Bd with the alkyl-substituted (salen)Co(II)/MAO catalyst proceeded easily to give polymers with high 1,4-cis contents in high yield, and the molecular weight control of the polymer was found to be achieved 10) . The activity for the polymerization of Bd with the alkyl-substituted (salen)Co(II)/MAO catalysts was strongly influenced by the introduction of alkyl groups at 3,3Ј,5,5Ј-positions in the aromatic ring of the (salen)Co(II) ligand 11) .
Taking the structure of the (salen)Co(II) into consideration, the polymerization of Bd will be affected by introduction of the N,NЈ-substituents of the (salen)Co(II) complexes. However, such effect on the polymerization of Bd has not been investigated yet. Thus, we investigated the polymerization of Bd with N,NЈ-bis (3,5- 
and N,NЈ-bis(3,5-di-tbutylsalicylidene)ethylenediaminato cobalt (3) to elucidate a possibility of the simultaneous control of the molecular weight and 1,4-cis selectivity. before use. MAO diluted with toluene purchased from Tosoh-Fine Co. was used as received. Solvents and other reagents were used after purification by conventional methods. 1 was prepared by the similar method described in a previous paper 10) . 2 and 3 were prepared in the following.
N,NЈ-Bis(3,5-di-t-butylsalicylidene)-1,2-diphenylethylenediaminato cobalt (1) To a solution of 3,5-dibutylsalicylaldehyde (2.34 g, 10 mmol) in methanol (50 ml) was added 1,2-diphenylethylenediamine (1.06 g, 5 mmol). The mixture was stirred at room temperature for 2 h and then filtered off. After filtration, the light-yellow powder was washed with a small amount of cold hexane and dried under vacuum to give 2.48 g (77.0%) of N,NЈ-bis (3,5- 
Polymerization Procedure
The polymerization was carried out in a sealed glass tube with a rubber septum with a connection to a vacuum system. After the tube was purged with nitrogen, a CH 2 Cl 2 solution of the complex, Bd, and MAO solution were introduced in that order. Bd was introduced into the tube at Ϫ78°C by vacuum distillation over calcium hydride. Then, the tube was sealed under a high vacuum. The polymerization was carried out at a constant temperature for a given time. In the two stage polymerization, the first polymerization was carried out using y-tube under high vacuum without sealing the tube. The second portion of Bd was charged similarly after the completion of first stage, and the tube was sealed under high vacuum. After the polymerization, the tube was opened, and the contents of the tube were poured into 200 ml of methanol containing a small amount of hydrochloric acid and 2,6-di-t-butyl-4-methylphenol to precipitate the polymer that formed. The polymer was washed with methanol and dried under high vacuum. The polymer yield was calculated by a gravimetric method.
Polymer Characterization
The number-average molecular weight (M n ), weightaverage molecular weight (M w ), and molecular weight distribution (M w /M n ) of the polymer were determined by gel permeation chromatography with a Tosoh 8020 series system in THF as calibrated with polystyrene standards. The microstructure of polybutadiene (PBd) was determined by 1 H and 13 C NMR spectra taken in the solvent d-chloroform at 20°C on JEOL a -400 NMR spectrometer.
Results and Discussion

Effect of N,N-disubstituents of the cobaltsalen complex
The effect of ligands of the (salen)Co(II) on the polymerization of Bd was investigated. The results are shown in Table 1 . The activity for the polymerization of Bd was in the order of 1Ͼ2Ͼ3. This may be explained by the steric effect of the substituents to promote the initiation reaction. Namely, the introduction of N,NЈ-disubstituent may cause the distortion out of plane on a quadridentate of the salen ligand and the central metal in addition to the introduction effect of the 3,3Ј,5,5Ј-positions substituted in the aromatic ring of (salen)Co(II).
When the polymerization of Bd with the 1/MAO catalyst at Ϫ30ºC in CH 2 Cl 2 was carried out, the 1,4-cis content of the polymer was up to 98.0% and the M w /M n of PBd became narrow (M w /M n ϭ1.4) as compared with other (salen)Co(II) complexes 11) . Since 1,4-cis content was high, and the M w /M n of the polymer was low, the polymerization of Bd with 1/MAO catalyst was investigated in detail. Kinetics To elucidate the living character in the polymerization of Bd with 1/MAO catalyst in CH 2 Cl 2 at Ϫ30°C, a kinetic study of the polymerization of Bd was performed. Figure 1 shows the reaction time-polymer yield curve. The polymer yields increased with an increase of reaction time without an induction period, which is in contrast to the previously reported results that CoX 2 (X: Cl, Br, I)/MAO catalysts revealed a distinct induction period by a slow initiation. However, the polymerization of Bd with the CoX 2 /MAO catalysts revealed a 1,4-cis selectivity and living nature 12) . No induction period observed in the polymerization of Bd with (1)/MAO catalyst can be explained by fast initiation reaction due to the significantly distortion out of plane on a quadridentate of the salen ligand and the central metal. Figure 2 shows the relationship between polymer yields and M n or M w /M n of the polymer in the polymerization of Bd with the 1/MAO catalyst at Ϫ30°C. The M n of the polymers increased linearly with an increase of polymer yields, and the line passed through the origin. Moreover, the M w /M n of the polymer was kept narrow (M w /M n ϭ1.29-1.43) during the polymerization. The results suggest that the polymerization of Bd with the 1/MAO catalysts has a living character, although the catalysts efficiency estimated by the difference in calculated molecular weight and observed one was not high. It is not clear for this reason, but solubility of 1 may be related to the low initiator efficiency.
The concentration of active sites for the polymerization of Bd with the 1/MAO catalyst in CH 2 Cl 2 at Ϫ30°C was estimated from the first order plots (ln [Bd] was observed, indicating that the concentration of the active ends was kept constant during the polymerization.
To elucidate further the living character, two-stage polymerization of Bd with 1/MAO catalyst in CH 2 Cl 2 at Ϫ30°C was performed. The results are shown in Figure 4 . After first polymerization of Bd proceeded completely, new Bd was added to the polymerization system. By the addition of new Bd, the polymerization proceeded again without decreasing the polymerization rate. Thus, it is clear that active site for the polymerization of Bd 1/MAO catalyst is stable. Figure 5 shows the relationship between polymer yields and M n or M w /M n in the two-step polymerization of Bd with the 1/MAO catalyst. The M n of the polymers increased linearly with an increase of polymer yields throughout the two-step polymerization, and the M w /M n was kept narrow (M w /M n ϭ1.29-1.43). Moreover, 1,4-cis selectivity kept high during two-stage polymerization. Namely, it is clear that the 1/MAO catalyst promotes 1,4-cis specific controlled polymerization of Bd. The effect of the monomer concentration on the polymerization rate was investigated in the polymerization of Bd with the 1/MAO catalyst, and the results are shown in Figure 6 . The molecular weight of the polymer increased linearly with the charged monomer concentration. This indicates that the molecular weight of polymer can be controlled in the polymerization of Bd with the 1/MAO catalyst.
Conclusion
The effect of substituenets of the (salen)Co(II) complexes on the polymerization Bd was observed. The catalyst of 1/MAO showed the highest activity for the polymerization of Bd among the (salen)Co(II) examined, and gave a high 1,4-cis polymer with narrow molecular weight distribution (M w /M n ϭ1.29). We demonstrated that the catalyst system composed of complex 1 in combination with MAO promotes 1,4-cis specific and molecular weight controlled polymerization of Bd.
